The purpose of this study was to assess the effect of different exposure levels of a dental implant's first thread on adjacent bone stress and strain using the finite element analysis method.
Background
Dental implants have been successfully used in recent decades [1, 2] . Different implant designs have been developed and utilized since the introduction of osseointegrated dental implants [3, 4] . Threaded dental implant designs have been found to enhance primary stability, increase the bone-implant contact area, and help dissipate interfacial stress [5] .
Adequate available bone dimensions in the horizontal and vertical directions are considered as a prerequisite for successful and predictable implant treatment [6] . However, continuous bone resorption usually takes place following tooth extraction [7, 8] . Implant placement in these ridges might result in crestal bone dehiscence defects with uncovered implant neck and/or exposed crestal threads for threaded implants [9, 10] . Consequently, an esthetic problem is expected, especially in the anterior area first, and later the situation might be complicated with peri-implantitis or peri-implant mucosites [11, 12] . Management of such exposed threads ranges from leaving them uncovered [10] to intentionally inclining the implants to avoid thread exposure [13] , and/or covering them with bone graft and/or membrane according to the guided bone regeneration (GBR) techniques [14, 15] .
Because of their oscillating and spiral profile, different levels of thread exposure can result in different geometries at the crestal region. Considering the nature of the osseointegrated contact between the implant and the surrounding bone, the local anatomy and the geometry of the peri-implant bone were found to influence the distribution and intensity of the generated stress in the surrounding bone [16, 17] . In fact, excessive stress generated around dental implants are considered as one of the main causes of peri-implant bone loss and/or implant failure [18, 19] . Dental implant success and survival studies have frequently utilized the first crestal thread as a reference for bone resorption in the first year of loading [20] .
Several methods have been used to evaluate the biomechanical aspect of dental implants, including finite element analysis (FEA), photoelastic materials, and strain gauges. However, FEA is a numerical method that has been widely used to evaluate mechanical parameters of the implant, prosthesis, bone, and related structures [16] .
The effect of the exposed implant's thread at the crestal bone has not been evaluated in relation to the generated stress in the peri-implant bone structures. Therefore, the aim of this study was to assess the biomechanical effects of several patterns of first thread exposure compared to the non-exposed thread, using finite element method (FEM).
Material and Methods

Finite element models
Three-dimensional (3D) finite element models representing a mandibular alveolar bone segment and dental implant were modeled using FEA software (ANSYS13.0, ANSYS, Inc., PA) ( Figure 1A) . For the bone model, a 3D segment of a mandibular bone was created based on the most common morphologic model for the mandibular premolar region in our previous study [21] . CT scan-based average dimensions of outer cortical bone outline at the premolar region were used to create x and y plots. The resulting area made from this outline comprised an outer 1.5-mm-thick cortical bone layer cancellous core. The two-dimensional image on the x-y plane was then extruded in the z axis to construct the 3D model with 15 mm in the mesio-distal length. The maximum bucco-lingual width and the vertical dimension of the mandible model at the first premolar region where the implant is placed were 13.9 mm and 28.6 mm, respectively.
A standard dental implant model with 4-mm diameter and 10-mm intraosseous length was constructed with standard v-shaped spiral threads with thread pitch and thread height of 0.8 mm and 0.4 mm, respectively [22, 23] . To mimic the covered and the exposed crestal thread models, threaded profile started from the uppermost crestal point (platform) in the exposed models, while in the covered model, threads were shifted 0.8 mm apically down to preserve the intraosseous implant length ( Figure 1B ). In the exposed models, the implant was vertically placed in the alveolar ridge; it was rotated then around its long axis a quarter-turn each time to produce several exposure levels of the first thread at the mid-lingual periimplant bone. Four different possibilities resulted in 4 exposed models: Upper Flank (UF), Thread Crest (TC), Lower Flank (LF), and Thread Root (TR), according to which the outer cortical bone plate approached the implant at the crest tip of the first thread, the thread root, the middle of upper thread flank, and middle of the lower thread flank, respectively ( Figure 1C) . The other implant model, in which threads shifted apically, represented the control/covered model (CN) with the first crestal thread fully impeded in the alveolar bone ( Figure 1C ). Finally, a 5.5-mm-high simplified abutment was constructed and connected to the implants.
Loading and boundary conditions
The material properties of cancellous and cortical bones were modeled as being transversely isotropic and linearly elastic [5, 24] , which describes an anisotropic material. The materials of the implant and the abutment were considered as isotropic and linearly elastic ( Table 1) .
The bone models were constrained in all directions at the distal and mesial surface nodes. The implants were rigidly anchored in the bone models along the entire interface. A static load of 200N was directed to the center of the occlusal surface of the abutment 30 o oblique to the buccal, which corresponded with the direction of occlusal forces in the premolar region [25] . The resultant load (200N) was used to simulate the average maximum occlusal load for fixed partial prosthesis supported by implants in the premolar region [25] . The maximum compressive stress and strain magnitudes and distribution along with the volumetric distribution of the compressive strain [26] were analyzed and calculated for the cortical and cancellous bones in the 5 models. 
Results
The peak stress and strain values and large-strain bone volume in all models are shown in Table 2 . The distributions of the compressive stress in the peri-implant cortical bone in the 5 models are shown in Figure 2 .
Peak compressive stress
Regarding the peak stress results ( Blue arrows indicate the location of the maximum compressive stress that appeared in the vicinity of the exposed thread and deviated from the mid-lingual side in LF and UF models. 
Model
Distribution of the compressive stress
The maximum stress was noted at the peri-implant cervical cortical bone in the exposed and covered models; however, the location of the peak compressive stress around the implant neck varied in the 5 models (Figure 3 ). In the C, TC, and TR models, the peak stress was observed at the mid-lingual region of the implant's neck, but in LF and UF models it was shifted to the disto-lingual side. However, in the cancellous bone, the maximum stress was located just beneath the lingual side of the crestal cortical bone plate in TC and TR models, while in the C, UF, and LF models, maximum stress shifted apically away from the crestal region.
Volumetric analysis of the compressive strain results
The peri-implant cortical bone volumes exhibited a compressive strain level above 4000 u strain ranged from 0.034 mm 3 in the UF model to 0.102 mm 3 in the TR model (Table 3) . However, for the compressive strain ranges 2500-4000 and 200-2500 u strain, the volumes were close in the 5 models. Likewise, bone volumes of strain ranges in the cancellous bone were found to be close for different thread exposure levels.
Discussion
Exposure of crestal thread has been found to influence the distribution and magnitude of the peak compressive stress and strain generated in the peri-implant bone.
Upon loading the implants, maximum compressive stress has been noted at the crestal region of the cortical bone in exposed and covered thread models, and this might be attributed for the difference of materials strength [27] . However, a high stress concentration was observed at the mid-lingual region in the C, TC, TR, and LF models, representing the peak stress in the C, TC, and TR models, while the peak stress was located on the disto-lingual side, corresponding to the point where the lower flank passes to the curved thread crest in the LF model, and where the upper flank passes to the curved thread root in the UF model. It can be generally observed that the distribution of the generated peak stress in the surrounding crestal bone is influenced by the relative position of the thread root or crest to the outer cortical bone contour (Figure 4 curves).
The highest maximum compressive stress was found in the LF model, where the crestal region at the lingual side is subjected to the direct forces under the lower flank of the first thread, while the lowest was in the TC model, where most of the crestal region at the lingual side was located over the upper flank, providing a favorable contact angle for the boneimplant interface [26] .
Regarding the volumetric analysis of the strain level, compressive strain thresholds of the mechanostat theory [28] [29] [30] were applied in this study ( Table 3 ). The cortical bone volume exhibited pathological overloading compressive strain level (above 4000 u strain), which was larger in the TR model. This might be because the crestal bone contour was always under the lower flank of the first thread in this model (Figures 2, 3) . However, very close results were obtained in all models for the windows thresholds of maintenance (200-2500), physiological loading (2500-4000), and pathological overloading (above 4000 u strain) in the cancellous bone, and for the maintenance and physiological loading in the cortical bone.
Treatment of crestal thread exposure might range from leaving them exposed [10] , tilting the implants to avoid the exposure of crestal threads [13] , or covering exposed threads utilizing suitable GBR technique. However, inclining dental implants according to the angulation of available bone only might affect the loading conditions, as implants might be subjected to larger off-axis forces, which have very destructive effects on the implant-bone assembly [3] . On the other hand, covering the exposed threads with bone graft and/or membrane treatment option have been described and used in clinical and animal studies, including the use of autografts, BioOss, and ePT-FE membrane. However, taking into consideration the risk of complications and failure, these resource-demanding procedures might not represent the treatment of choice, especially if no esthetic problem resulted. Moreover, the biomechanical advantages of such procedures might be doubtful, as reported by Rasmussen et al. [31] , who used resonance frequency and removal torque measurements, and demonstrated that fully covered implants after using membrane induced bone augmentation did not show significantly better stability results compared to the exposed thread implants [31] .
The results of the current analysis revealed that exposed dental implant crestal thread will only influence the local distribution of the generated stress and strain around the exposed implant thread, and may not affect the overall biomechanical performance of the dental implants supporting previous clinical studies [9] .
The level of crestal thread exposure along with the adjacent bone geometry depend largely on implant site preparation, implant neck design, and residual bone morphology. While it might be difficult to control the level of thread exposure, implants should be placed with caution because sharp edges at the crestal region may result. These sharp edges, as in the TR model (Figure 1 ), might be associated with local stress and strain concentrations [31] .
Several studies have addressed the biomechanical aspect of dental implants; however, implant models were mostly constructed as a non-threaded cylinder, which may not represent the real morphology of dental implants. Moreover, when threaded implants are used, axysmetric models are mostly constructed [16] . However, spiral implants have been used [5] , and in this study, spiral implants were constructed in order to accurately analyze the generated peri-implant bone stress and strain.
Our present results also show the importance of mechanical parameters used to judge the performance of dental implants in this field. For example, although the same implant was used for the 4 exposed thread models in this study, an increase of 43% of the peak stress was observed when the implant was revolved around its axis (LF and TC models). This might demonstrate the impact of local interface morphology of the bone and implant at the crestal region on the maximum generated stress results [17, 32] .
While incomplete coverage of implant threads may result at the crestal region because of the curved nature or the narrow dimension of the alveolar bone, in this study, a well-developed bone model was used to establish a baseline with which future analysis with different bone morphologies will be compared.
Advantages of the FEA over other biomechanical analysis methods include the realistic mode of approach and the accuracy
